In this study, two waste materials namely; coal fly ash (CFA) and waste tyres pyrolysis oil, were successfuly utilised in the synthesis of carbon nanofibers/tubes (CNF/Ts). In addition, Fe-rich CFA magnetic fraction (Mag-CFA) and ethylene gas were also used for comparison purposes. The carbons obtained from CFA were found to be anchored on the surface of the cenosphere and consisted of both CNTs and CNFs whereas those obtained from Mag-CFA consisted of only multi-walled carbon nanotubes (MWCNTs). The study further showed that the type of carbon precursor and support material played an important role in determining the nanocarbon growth mechanism. The findings from this research have demonstrated that it is possible to utilize waste tyres pyrolysis oil vapour as a substitute for some expensive commercial carbonaceous gases.
through. The resulting CNMs grown on CFA were denoted as CFA-Cethy (using ethylene gas) and CFA-Cpy (using pyrolysis oil vapour). On the other hand, CNMs grown on the magnetic fraction were denoted as Mag-Cethy (ethylene synthesized) and Mag-Cpy (from pyrolysis oil vapour).
Material Characterization
The pyrolysis gas/vapour collected by bubbling argon through pyrolysis oil was sampled using Tedlar® gas bags and analysed on the thermal desorption Gas chromatography-mass spectrometry (GC-MS) and Gas Chromatography -Flame Ionization Detector (GC-FID) to determine the presence of Benzene, Toluene, Ethylbenzene and Xylene (BTEX). The morphology of the obtained carbonaceous materials was analysed using an Auriga Cobra Focused-Ion Beam Scanning Electron Microscope (FIB-SEM). SEM Energy Dispersive Spectroscopy (EDS) was used for elemental analysis of the as-received CFA and its magnetic fraction. X-ray diffraction (XRD) patterns were obtained using a PANalytical X'Pert Pro powder diffractometer with Pixcel detector using Ni-filtered Cu-Kα radiation (0.154 nm) in the range of 2θ = 1-60°, and at a scanning rate of 0.1°s −1 . The Raman analysis was performed using Jobin-Yvon T64000 Raman spectrometer. Transmission electron microscope (TEM) images of the carbon materials were obtained using a JEOL-JEM 2100 TEM model.
Results and Discussion
The resulting pyrolysis gas mixture was found to contain some of the carbonaceous fraction known to be present in the pyrolysis oil. [29] Some of the identified gases were; benzene, toluene, ethylbenzene, m/pxylene and o-xylene (BTEX). This carbon-rich fraction was utilized as a precursor for the growth of the carbon nanomaterials. Table 1 gives an indication of the presence of Si, Al, Fe and other trace elements on both the as-received CFA and its magnetic fraction. These elements are the primary constituents which form the mineral composition of CFA. [25] After the isolation of the magnetic fraction, the weight percentage of the major elements (Si and Al) was noted to have decreased significantly, however, there was an increase in the Fe content. Most of the Fe in the CFA is reported to be present in the form of magnetite which is magnetic and hence its enrichment in the extracted sample. [28, 30] Coal fly ash is known to consist of various minerals that are present in their oxide form. [28] The most dominant minerals are; quartz, mullite, glassy aluminosilicates phases (composed of the non-crystalline materials) and Fe-rich minerals which are hematite and magnetite. [28] [29] [30] These minerals were also found to be present in the CFA magnetic fraction, as shown in the XRD patterns in Figure 1 . The CNMs samples obtained from the as-received CFA and its magnetic extract were also found to contain mineral phases observed in ther parent materials (Figure 2 and 3). Previous work reported that the peaks appearing at 2θ=25.5º and 2θ=43º are due to the respective 002 and 100 plane of the graphitic structure of the CNMs. [31] [32] [33] [34] The peak at 2θ=44.06º
signifies the reduction of Fe oxide to pure iron metal whereas the peak at 2θ=45.01º is as a result of formation of iron carbide during the CVD process. [35] [36] [37] It was also noted that most of these peaks were overlapping with the peaks of mullite phase for all samples produced either using ethylene or pyrolysis oil vapour. To further confirm the presence of graphitic materials, these carbonaceous materials were analyzed using Raman Spectroscopy. Figure 4a presents the SEM image of the as-received CFA and shows the its morphology. The observed cenospheres are known to consist of an amorphous glassy phase and is formed as a result of decomposition of minerals such as carbides, carbonates and sulphates which give off gaseous products. This process occurs during the heating and cooling stages in the pulverized coal boiler. [38] [39] 51] Figure 4b presents the SEM image of magnetic fraction extracted from CFA. The morphology consists of irregular shapes together with some spherical shapes that are from the asreceived CFA. The morphological difference of CFA and Mag-CFA is attributed to the etching out of the soluble phases from the iron-rich mineral phases. Figure 4c depicts the carbon nanomaterials that were grown from CFA using ethylene as carbon precursor. According to the obtained results for CFA-Cethy, the grown CNMs consist of tubular or cylindrical materials with different diameters. The thicker (or larger diameter) materials were mostly randomly distributed whilst the thinner ones were mostly anchored on the surface of the cenospheres. The thicker cylinders had a diameter of around 100 nm whereas the thinner ones had an average diameter of 28 nm. These results are consistent with previous reports where CNMs were grown on Australian coal fly ash and showed the presence CNMs with different diameters and later confirmed with the TEM images to be CNFs and CNTs. [25] Figure 4d presents SEM image of CNMs grown on CFA using pyrolysis oil vapour as carbon precursor. The obtained CNMs were not as distinct as those grown using ethylene as carbon precursor and were mostly found to be anchored on the surface of the cenospheres. Figure 4e shows the SEM image of the CNMs grown on the extracted magnetic fraction using ethylene. The image depicts thin cylindrical structures that are clustered and forming 'cobweb-like' structures. These materials were dispersed throughout the support and had average dimeters of about 30 nm. Figure 4f shows the CNMs that were grown using pyrolysis oil vapour were not as prominently or thoroughly formed and were observed to have thin tubular structure but at relatively low quantity. As mentioned earlier, the pyrolysis oil vapour consists of various contents of hydrocarbons and they also vary in quantity. On the other hand, ethylene gas is rich in a single type carbon constituent and thus acts as the determining factor for the type and quantity of the growth of the carbon nanomaterial. Conventionally, carbon nanomaterials are mostly grown using ethylene, benzene, xylene and methane as the carbon precursor and factors such as vapour pressure, temperature, gas flow rate and concentration of the carbon precursor affect the growth rate and/or the type of CNMs. nanoparticle that is situated at the tip of the filament which indicates that there was a tip-growth mechanism as depicted by Figure 6a . This tip-growth phenomenon is due to the weak interaction between the metal catalyst and the support and occurs during the precipitation step where the carbon precipitates at the bottom of the metal which in turn dislocates the metal particle from the support and triggers the growth of the CNT/Fs. [45] [46] [47] Some few CNTs were also observed to contain a nanoparticle at their tips (Figure 5b ) indicating some similarity in the growth mechanism. On the contrary, the CNT/Fs without the nanoparticle at their tips are expected to have followed the root-growth mechanism (where the catalyst particle is found at the bottom of the tube). [10] The root-growth mechanism is favoured when the catalyst-support interaction is strong. [10] These results are consistent with previous reports. [25] [26] The internal morphology of the CNFs is also depicted in the zoomed insert on Figure 5a and can be seen to depict herringbone morphology as elaborated in Figure 6b . In this morphology, the graphene layers are arranged in a fish-bone structure along the vertical axis of the carbon filament. [15, 53] The growth mechanism of CNMs is known to be exothermic in nature, therefore, there is a temperature gradient at the catalyst particle. [46, 48] With the solubility of carbon on metal catalyst dependent on temperature, precipitation occurs at the colder zones of the metal catalyst and thus allowing the carbon filament to grow at the same diameter as the metal catalyst. [48] [49] This suggests that obtaining a combination of CNFs and CNTs on the as-received coal fly ash was due to the different particle sizes of the metal catalyst. The isolation process through the magnetic extraction gave a selection of uniform particle distribution thus enabling MWCNTs to be obtained. [26, 46, 49] Figure 7a and b shows the TEM images of the CNMs grown on CFA and Mag-CFA using pyrolysis oil vapour as the carbon precursor, respectively. Similar to when ethylene gas was used, the CNMs were observed to be anchored on the surface of the cenosphere when CFA was used as catalyst support. As already confirmed by SEM, the quantity of the obtained nanofibers is quite low. The resultant CNMs when Mag-CFA was used were found to be MWCNTs (Figure 7b ). The MWCNTs were not of good quality since they had clustered and grown intertwined amongst each other. This suggests that the type of carbon precursor used plays a very important role in determining the type and yield of CNMs. [ 50] To understand the graphitic nature of the obtained carbon nanomaterial, the samples were analyzed using Raman spectroscopy. Figure 8a and b presents the Raman shift of CNMs synthesized using coal fly ash and its magnetic fraction using both ethylene and pyrolysis oil vapour, respectively. The Raman spectra for the materials were fitted using the Lorentzian curve fitting (Lorentzians respectively. The D band emanates from the presence of graphene edges that gives off hybridized vibrational mode illustrating the disarrangement of the graphene structure. [25] The G band originates from the oscillations that are diverging from the carbon atoms. [25, 26, 42] If the intensity ratio of G and the D peaks (IG/ID) is high, it indicates the degree of wall graphitization which gives quality CNTs/CNFs with low defects and high crystallinity. [42, 44, 54] In this study, the D band peaks of all materials are more prominent except for Mag-Cethy which suggested that the obtained CNMs consist of defects, however more graphitic due to the higher intensity ratios. The IG/ID intensity ratios of the CNMs grown on CFA using both ethylene and pyrolysis oil vapour are the same with the value of 1.18, as indicated in Table 2 . This suggests that the materials are more graphitic and has minor defects. The graphitization of the materials were also confirmed by XRD peaks at 2θ=25.5º and 2θ=43º. The CNMs from magnetic fraction (Mag-Cpy and Mag-Cethy) had intensity ratios of 1.17 and 1.18 respectively. These values are consistent with reports where coal fly ash was used as support for synthesis of CNMs. [42, 44] In this case, the authors reported IG/ID ratios of 1.35 and 1.4 when acetylene was used for CNMs synthesis at 750 ºC. In that study, the results had indicated that the materials had a high degree of wall graphitization suggesting good quality CNTs. When ethylene was used as carbon precursor at 700 ºC, Dunes et al [54] also reported good quality of CNTs with the intensity ratio of 1.2.
Conclusions
This study has demonstrated that there is potential for utilization of pyrolysis oil vapour/gas as a carbon precursor in the synthesis of carbon nanofibers/tubes (CNF/Ts). The use of coal fly ash (CFA) and its Ferich magnetic fraction (Mag-CFA) also presents an additional advantage for driving down the cost of produced CNF/Ts. The nanocarbons obtained from CFA (when using ethylene gas) showed the growth of both CNFs and CNTs whereas those synthesized using the magnetic fraction had multi-walled carbon nanotubes (MWCNTs). Only MWCNTs were obtained when pyrolysis oil vapour was utilized.
Importantly, the type of carbon precursor was found to play an important role in determining the growth mechanism of the resulting nanocarbons. Table 1 . Elemental analysis of the staring materials coal fly ash and its magnetic fraction Table 2 . Values of D and G peaks of the Raman spectra including the intensity ratios 
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